P
ERMANENT-MAGNET synchronous machines (PMSMs) are receiving wide attention for industry applications due to their high efficiency, high power/torque density, and high reliability [1] - [4] . For applications requiring high dynamic performance, current vector control (CVC) is often employed [5] - [7] . Recently, another high-performance control technique, named direct torque control (DTC), which was initially developed for induction-motor (IM) drives [8] - [10] , has also been investigated in PMSM drives [11] - [13] . Compared with CVC, DTC directly manipulates the final output voltage vector without the need for inner current loops, hence eliminating the inherent delay caused by current loops and featuring a high dynamic response. Moreover, all calculations are implemented in stationary coordinate; therefore, the structure of DTC is simple.
Despite the merits aforementioned, DTC also presents some drawbacks, including large torque ripple, variable switching frequency, and acoustic noises, among others [10] . This is because DTC is a kind of heuristic method in essence, which uses hysteresis comparators and stator-flux-position information to determine the final output voltage vector from a switching table. The hysteresis comparators only consider the signs of torque and flux errors and do not differentiate their amplitudes. Furthermore, the switching table is composed of a limited number of discrete voltage vectors with fixed length and angle. The selected vector from the switching table is applied during the 0278-0046/$26.00 © 2010 IEEE whole sampling period, which leads to low switching frequency at the cost of large torque and flux ripples.
To overcome the drawbacks of the classical DTC, many methods have been proposed in the literature [11] - [30] . These methods can be divided into various categories based on different philosophies or views. As DTC motor drives are mostly fed by voltage source inverters (VSIs), where voltage vectors are the final output variables, it is possible to obtain improved performance by adjusting the intensity of the voltage vector moderately. There are two properties for the voltage vectors, i.e., amplitude and angle; hence, the effect of voltage vector can be regulated from these two aspects.
Some authors [13] - [19] changed the vector length by adjusting the duty ratio of the active vector, i.e., one or two active vectors and one null vector are applied during one sampling period. The active vector is obtained from the conventional switching table, and the duty ratio is determined according to various principles, including torque-ripple minimization [14] , [15] , [18] , fuzzy-logic adaptation [16] , equalizing the mean torque with the reference value over one cycle [13] , [17] , [19] , etc. These methods are complicated and require lots of motor parameters. Other authors [20] paid more attention to the angle of voltage vector by selecting the voltage vector located within a certain area. Two methods of obtaining the voltage-vector angle were proposed in [20] . The first method employs torque and flux errors to acquire the voltage angle, while the second one relies much on the knowledge of motor parameters, hence decreasing the robustness and simplicity. Better performance can be anticipated if both voltage-vector length and angle are regulated. The main difficulty lies in developing an effective method to obtain them and maintaining the simplicity in conventional DTC. This problem will be addressed in this paper.
It is well known that space-vector modulation (SVM) can produce an arbitrary voltage vector with any amplitude and angle within the linear range; thus, it has been widely adopted in DTC to regulate the torque and flux more moderately and accurately [12] , [21] - [28] . Another advantage of employing SVM is that a fixed switching frequency can be obtained. A multitude of schemes were developed to obtain the commanding voltage vector, including deadbeat control [23] , indirect torque control [27] or variations [28] , stator-flux-oriented control [22] , [24] , [25] or the like [12] , etc. Different torque and flux controllers are incorporated in the system to produce the desired d-and q-axis voltage components, including a proportional-integral (PI) controller [22] , a sliding-mode controller [25] , and so on. The SVM-based DTC provides low torque ripple and fixed switching frequency. However, most of them [12] , [21] - [26] require rotary coordinate transformation, much knowledge of motor parameters, and high computational ability, which negate the simplicity and robustness of conventional DTC.
To eliminate the parameter dependence, some authors suggested using discrete SVM [29] . A more accurate and complex switching table is constructed by dividing one sampling period into two or three intervals, using more levels in the hysteresis comparators, and taking rotor speed into account. This method leads to reduced torque ripple, however, at the cost of complexity in switching table, particularly when the number of intervals increases. Another method to obtain an increased number of voltage vectors is using multilevel inverter [30] , [31] , which increases the hardware cost and system complexity. Furthermore, other problems concerning circuit topology limitation, e.g., neutral point balance for three-level-inverter DTC [31] , should be well solved. Recently, discrete SVM has been extended to three-level-inverter DTC [32] . It can solve the problem of neutral point balance at the pulsewidth-modulation level, hence decoupling the performance improvement of DTC from the circuit limitation. However, the voltage-vector amplitude is constant in [32] ; therefore, the torque-ripple reduction is not obvious.
Recently, model predictive control (MPC) was introduced to achieve high dynamic torque control [33] - [38] . The MPC in [33] - [35] , [37] is similar to DTC only in the fact that they both directly select one and only one voltage vector. However, their principles are very different. DTC uses a heuristic switching table to obtain the output vector quickly, while MPC defines a cost function to evaluate the effects of every possible voltage vector and the one minimizing the cost function is selected [33] , [35] . The other method [36] , [38] only requires one prediction to obtain the appropriate voltage vector. Although better performance is achieved in MPC, it requires a more intensive computation [34] and relies heavily on the accuracy of system model and parameters [35] , [36] .
In this paper, an improved DTC is proposed, which eliminates the use of hysteresis comparators and switching table. It makes full use of the ability of SVM to produce an arbitrary voltage vector. Compared with other SVM-based DTC, the proposed method only needs the knowledge of torque and flux errors to obtain the amplitude and angle of the commanding voltage vector; therefore, it features a simple structure and maintains the robustness of conventional DTC. No additional motor parameters, rotary transformation, or complicated computation is needed. A low-pass-filter (LPF)-based estimator with compensations of amplitude and angle is employed to obtain the stator flux. The LPF-based voltage model requires stator resistance only and has been successfully applied in highperformance IM drives, including stator-flux-oriented control [21] and rotor-flux-oriented control [39] . Simulation and experimental results are presented in this paper to confirm the effectiveness of the proposed schemes.
II. MODEL OF PMSM

A. Machine Equations
The dynamic model of a PMSM in the rotor synchronous dq coordinate can be expressed as
and the stator-flux equations are
The electromagnetic torque is expressed as
and it is composed of two parts: the permanent-magnet torque and the reluctance torque caused by the rotor saliency. For surface-mounted PMSM without saliency, the d-and q-axis inductances are equal to synchronous inductance, i.e.,
The torque does not include the reluctance torque and is simplified as
and the voltage and stator-flux equations are also simplified. They can be expressed in stationary frame (the components indicated by αβ) using complex vector as
where ψ r = ψ f e jθ r and the torque in stationary frame is expressed as
B. Effects of Voltage Vectors on Torque
From (5), it is found that the torque T e can be changed quickly by adjusting the angle δ [11] . This is the basic principle of conventional DTC. The differentiation of T e with respect to time t is
For VSI-fed DTC, the voltage vector is the sole controllable input variable; hence, the change of angle δ can only be achieved through the effects of voltage vectors. From (6), if the stator resistance voltage drop is neglected, it is seen that the stator flux ψ s can be changed quickly by changing the applied voltage vector, and then, δ changes, resulting in fast torque response. However, the relationship between δ and u s is complicated; thus, the aforementioned analysis is just a crude heuristic analysis, and it is more desirable to obtain the direct relationship between T e and u s .
From (6) and (7), we can get
From (8), the torque differentiation with respect to time t is By substituting (6), (7), and (10) into (11) and omitting the tedious derivation process, the final torque differentiation is
It is seen from (12) that the torque differentiation is composed of three parts, just similar to the case in IMs [14] . The first part ΔT e1 is always negative with respect to T e ; the second part ΔT e2 is also negative and proportional to rotor speed; the last term ΔT e3 is the positive one, and it reflects the effect of stator voltage on T e . ΔT e3 tells that the cross product of u s and ψ r determines the rising slope of torque. Because ψ r is a rotating vector with a constant amplitude of PM flux, the effects of ΔT e3 can be regulated by changing the intensity of u s , which is achieved by adjusting the amplitude and position. In this paper, both the amplitude and position of the voltage vectors will be regulated; hence, a better performance is expected than those by changing vector position [20] , [32] or amplitude [14] , [16] only. Because only the knowledge of torque and flux errors is required, the dependence on motor model and parameters is eliminated, as introduced in Section III.
III. PROPOSED DTC SCHEME
A. Voltage-Vector Angle Determination
In conventional PMSM DTC [11] , if the stator-flux vector is located within a certain area, such as ±30
• , a fixed vector (V 2 , V 3 , V 5 or V 6 ), depending on the sign of torque and flux errors, will be selected regardless of the amplitudes of errors, as shown in Fig. 1 . This achieves good robustness, but fails to regulate torque and flux very accurately and moderately.
To achieve better performance, the angle of voltage vector should be determined according to the torque and flux errors and stator-flux position, as shown in Fig. 2 . If the stator-flux angle ϕ is known and the torque and flux should increase, the candidate vector can be selected from shaded area I within the range of (ϕ + 10
• , ϕ + 80 • ). The area within (ϕ, ϕ + 10 • ) and (ϕ + 80
• , ϕ + 90 • ) is not considered to avoid a sharp change in flux and torque. When the torque error is large or small, the vector near ϕ + 80
• or ϕ + 10
• should be selected, which considers the amplitude of torque error. From the view of torque regulation, the angle increment of voltage vector with respect to stator-flux position is expressed as
where T * e is the reference value for torque and C T is a positive constant.
For the purpose of stator-flux regulation, the angle increment of voltage vector should be negatively proportional to the statorflux change, i.e.,
where ψ * s is the reference value for torque and C ψ is a positive constant.
The equations in (13) and (14) reflect the influences of the amplitudes of torque and flux errors on the angle increment of voltage vector, which are not considered in conventional DTC. In practical application, the torque change should be considered preferably; therefore, different weight factors are imposed to (13) and (14) . The final angle increment of voltage vector with respect to stator flux is
where k is the torque weighting factor and is usually chosen to be > 0.5 to give torque control higher priority [20] .
B. Voltage-Vector Amplitude Determination
The influences of voltage vector on torque and flux is decided not only by the angle but also by the amplitude, as shown in (12) . The length of the applied voltage vector can be regulated by adjusting its time duration during one sampling period, which is also defined as duty ratio [16] , and the rest of the time is allocated for a null vector. In the previous literature [14] - [16] , the working time or duty ratio of the nonzero vector was obtained through analytical methods, requiring complicated calculation and lots of motor parameters, which negates the merits of DTC. In this paper, a very simple method to obtain the duty ratio or equivalent voltage-vector length is proposed, which is expressed as
where m is normalized with respect to the maximum peak value of phase voltage in the linear range, i.e., U dc / √ 3, where U dc is the dc bus voltage.
In general, the tuning of C T and C ψ is a tradeoff between dynamic response and steady-state performance. Larger values of C T and C ψ will produce less torque and flux ripples at the cost of dynamic performance deterioration. Nevertheless, it is found that the variations of them up to 50% do not cause a significant difference in the system performance. The results from simulation and experiments tell that permanent-magnet flux and half-rated torque provide a good starting point for C ψ and C T to achieve a good compromise between steady and dynamic performance.
C. Output Voltage Vector
After obtaining the angle increment and amplitude of the output voltage vector V from (15) and (16), it can be finally expressed in polar coordinates as (17) which will be synthesized by SVM.
It can be seen that (17) only needs the torque and flux errors and no additional motor parameters or rotary transformation is required, which is the main difference between this method and other existing SVM-DTC. Furthermore, it is very simple to implement. The whole structure of the proposed DTC is shown in Fig. 3 . The stator-flux amplitude reference is obtained from the commanding torque based on the principle of maximum torque per ampere (MTPA) to increase the system efficiency [4] , [40] . Generally, the trajectory of MTPA can be calculated offline using motor parameters (L d , L q , and ψ f ) and stored as a lookup table for real-time implementation [4] , [40] . For surface PMSM with L d = L q , the relationship between torque and stator flux is simplified, and the stator-flux reference can be obtained online as
Although the variations of actual motor parameters may affect the performance of MTPA, further discussion on this problem is out of the scope of this paper, and more details can be found in [4] and [40] . The stator-flux estimation is introduced in Section IV. By employing (17), the torque and flux ripples can be reduced effectively, as illustrated in the simulation and experimental results.
D. Comparison With Other SVM-Based DTC
As introduced in Section I, there are a number of papers using SVM to improve the performance of conventional DTC. It would be interesting to compare the novel DTC in Fig. 3 with other SVM-based DTC schemes. However, giving a very comprehensive comparison of all kinds of SVM-DTC is out of the scope of this paper. Considering the feasibility and fairness, only the one without rotary transformation is selected as a benchmark to justify the comparison.
It is known from (9) that the torque can be changed quickly by changing the angle between stator and rotor fluxes. Based on this principle, indirect self-control was developed [10] , which was initially developed for IM and later extended to PMSM [28] . The structure of this kind of SVM-DTC is shown in Fig. 4 
In this paper, it will be shown that the steady performances of torque and flux are sensitive to the tuning of k p . Knowing the amplitude and angle of reference stator flux, the commanding voltage vector can be obtained from stator voltage equation (6) as
where ψ * s = |ψ * s |e j(ϕ+Δϕ) . It is seen from Fig. 4 that, to obtain the commanding voltage vector, a fine-tuned PI controller and the stator resistance as well as rotor speed (for the calculation of Δϕ s ) are needed. On the contrary, the motor-parameter dependence is eliminated in the proposed method; thus, it will be less affected by the motor-parameter variations caused by saturation, temperature, operation point, etc. The novel DTC in Fig. 3 is simpler and more straightforward in obtaining the commanding voltage vector, and it is less computationally intensive. The performance comparisons between these two kinds of DTC are shown in Section V.
IV. STATOR-FLUX ESTIMATION
The stator-flux estimation has been investigated in many works. In this paper, a simple but effective method for statorflux estimation is employed, which was introduced in [21] and [39] . The structure of the modified estimator is shown in Fig. 5 , where ω e is the synchronous frequency of stator flux and ω c is the cutoff frequency of LPF. In conventional LPF, fixed cutoff frequency is employed, and the performance will degrade when the stator frequency is lower than the cutoff frequency, particularly at low speeds. Very low cutoff frequency can mitigate this problem, but the effectiveness of eliminating the dc component is deteriorated. To improve the performance, the cutoff frequency should vary with the stator frequency, i.e., ω c = λω e , where λ is usually chosen between 0.1 and 0.5 [21], [39] . The synchronous frequency ω e can be calculated from stator flux as
The sign of ω e should be taken into consideration to ensure correct operation for speed reversals, as introduced in [39] .
V. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation Results
The effectiveness of the proposed DTC scheme was first investigated in Matlab/Simulink environment. The structure of the whole system is shown in Fig. 3 . The parameters of the motor and control system are listed in Table I . The classical DTC, the SVM-DTC introduced in [10] , [28] , and the proposed DTC in this paper are referred as "classical," "DTC1," and "DTC2," respectively, in the following results.
Take one operation point of 2000 r/min (100% rated speed) without load as an example. Fig. 6 shows the steady responses for classical DTC, DTC1, and DTC2, respectively. From top to bottom, the curves shown in Fig. 6 are for classical DTC, DTC1, and DTC2, respectively, with stator flux in the left and torque in the right. It is seen that, with the same sampling frequency of 10 kHz, both DTC1 and DTC2 enable important torque-ripple reduction compared with conventional DTC, particularly in DTC2. Although the flux ripple of DTC1 is smaller than that in DTC2, DTC2 has the lowest torque ripple. For DTC drive, torque-ripple reduction is more important; hence, it can be said that DTC2 presents the best overall performance among the three kinds of DTC. Similar conclusions are obtained when changing the operation point with or without load. Due to page limitations, they are not listed here.
The steady performance of torque and flux are quantitatively represented by their respective standard deviation. The deviations of torque, stator flux, and average commutation frequency f av for different methods are listed in Table II . The average commutation frequency f av in classical DTC is calculated by counting the total commutation instants of a phase leg during a fixed period, e.g., 0.1 s in this paper. For DTC1 and DTC2, because the five-segment symmetrical SVM is employed, the average commutation frequency is fixed. There are four commutation instants during one cycle for the three-phase upper legs; hence, the average commutation frequency is 13.3 kHz.
As shown in Table II , under the same sampling frequency of 10 kHz, classical DTC has the lowest commutation frequency and largest torque and flux ripples, even though the bandwidth of hysteresis comparators is set to zero. This causes its failure to utilize the switching frequency of the inverter fully. To achieve similar commutation frequency as in DTC1 and DTC2, the sampling frequency in classical DTC should increase to 58 kHz, and the results are shown in Fig. 7 . In that case, the torque and flux ripples are reduced effectively. However, its torque ripples are still higher than those in DTC1 and DTC2. The shorter sampling period also imposes a higher computational ability requirement as well as faster analog-to-digital sampling. The requirements in hardware can be decreased when using SVM in DTC1 and DTC2. It is seen that, even with similar commutation frequency, the torque ripples of DTC1 and DTC2 are only 45.94% and 33.83% of the torque ripple in classical DTC, exhibiting excellent steady performance. 
B. Experimental Results
The proposed DTC was further experimentally tested in a two-level inverter-fed PMSM motor drive. The control and motor parameters are the same as introduced in Table I . A dSpace DS1104 PowerPC control board is employed to implement the real-time algorithm coding using C language. A threephase intelligent power module equipped with insulated-gate bipolar transistors is used for an inverter. The gating pulses are generated in the DS1104 board and then sent to the inverter. The load is applied using a programmable dynamometer controller DSP6000. A 2500-pulse incremental encoder is equipped to obtain the rotor speed of the PMSM. The information of speed was employed to test the torque and flux performances under various speeds. Both torque and flux are estimated from the LPF-based voltage model with compensation. All experimental results are recorded using the ControlDesk interfaced with DS1104 and a PC at 10-kHz sampling frequency. Extensive experimental tests were carried out to compare the performances of the improved DTC with that of classical DTC, including steady-state response at low speed and high speed, start-up response, speed reversal operation, and robustness against external load disturbance and control-parameter variation. The results of the three kinds of DTC are jointly presented to compare their performances. All of them employ the same flux estimator and sampling frequency. The only difference is in the controller itself. For classical DTC, the zero bandwidth of the hysteresis comparator is used and the same switching table as [11] is employed. The PI gains in DTC1 (inner torque loop) have been carefully tuned to achieve the best performance.
First, the steady-state responses at low and high speeds are investigated. Figs. 8 and 9 show the steady response at 10% and 100% rated speed without load, respectively. From top to bottom, the curves shown in Figs. 8 and 9 are for classical DTC, DTC1, and DTC2, respectively, with stator flux in the left and torque in the right. It is seen that, in both DTC1 and DTC2, the flux ripples are reduced significantly compared with that in the classical DTC, with DTC1 providing the lowest flux ripple. The best torque performance is obtained for DTC2, and its stator-flux ripple is only slightly larger than that in DTC1. Fig. 9 shows that there is insignificant performance difference for DTC1 and DTC2 at high speed, while the torque performance of DTC1 is seriously deteriorated at low speed even though the PI gains have been carefully tuned. On the contrary, the performance of DTC2 is not degraded at low speed; therefore, DTC2 has better low-speed performance.
The numerical comparisons of torque and flux ripples for classical DTC, DTC1, and DTC2 are shown in Fig. 10 . There is an average ripple reduction of 86.95% for torque and 69.42% for flux in DTC2, when compared with classical DTC. For DTC1, the average torque-and flux-ripple reductions compared with those of classical DTC are 63.76% and 80.83%, respectively. Better flux performance is obtained for DTC1, while DTC2 provides the lowest torque ripple over the entire speed range. The average commutation frequency for DTC1 and DTC2 is fixed at 13.3 kHz, while the classical DTC presents a variable commutation frequency, from 3.36 kHz at 10% rated speed to 2.46 kHz at 100% rated speed. Although the zero bandwidth of hysteresis comparators is employed, still, there is Apart from the steady-state tests, the dynamic response and robustness against disturbance are also carried out. Figs. 11-13 show the start-up response without load from standstill to 100% rated speed for classical DTC, DTC1, and DTC2, respectively. From top to bottom, the curves shown in Figs. 11-13 are commanding (marked in red) and estimated stator fluxes, commanding and estimated torques, commanding and measured rotor speeds, and one phase current. By introducing anti-windup in the PI controller, the motor speed accelerates to the nominal speed quickly with small overshoot. Fig. 14 shows the zoomed torque response for the three kinds of DTC schemes. It takes about 2 ms for the torque to reach the rated value, and the rising time of DTC1 is smaller than others at the cost of a large overshoot. Compared with classical DTC and DTC1, DTC2 presents the lowest torque ripple, and it can track the command- ing speed and stator flux well. However, its capability to track the torque reference is inferior to the other two methods, which can be seen in Fig. 13 . Nevertheless, DTC2 can still be applied in the adjustable speed applications with outer speed loop. A similar conclusion can be observed when operating the motor from forward to reverse at 500 r/min, as shown in Figs. 15-17 .
The responses to external load disturbance are shown in Figs. 18-20 for classical DTC, DTC1, and DTC2, respectively. The motor is operated at a steady state of 1000 r/min with 3.2 N · m, and then, the external load is removed suddenly. In a very short period, the motor speed returns to its original value due to the fast response of torque. There is about 10% peak speed increase for DTC1 and DTC2 when the load is removed, while this value is reduced to 6% for DTC. It can be said that classical DTC exhibits the best performance in terms of disturbance rejection, however, at the cost of large torque ripple. In fact, the difference between classical DTC and the other two DTC schemes is insignificant, but much lesser torque and flux ripples are obtained for DTC1 and DTC2, particularly in the latter one. The experimental results prove that the proposed Fig. 15 . Speed reversal from 500 to −500 r/min for classical DTC. Fig. 16 . Speed reversal from 500 to −500 r/min for DTC1. Fig. 17 . Speed reversal from 500 to −500 r/min for DTC2. DTC schemes show strong robustness against external load disturbance.
C. Robustness Against Control-Parameter Variations
In the simulation and experimental results aforementioned, the control parameters are tuned to be C T = 2 N · m and C ψ = 0.1 Wb, which gives a good compromise between dynamic response and steady-state performance. The influences of C T and C ψ on the steady-state and dynamic performances are experimentally investigated here. Figs. 21 and 22 show the start-up response when both C T and C ψ are changed to 50% and 150% of their original value, respectively. For response is also reduced. It can be concluded that increasing the value of C T and C ψ will lead to better steady-state performance at the cost of dynamic-performance deterioration. There is a tradeoff between steady-state and dynamic performances for the tuning of C T and C ψ . It may be more promising to use relatively small values of C T and C ψ during the dynamic process and larger values of them during steady-state operation.
The robustness against dc-link voltage for DTC2 is shown in Fig. 23 , where the dc-link voltage is reduced from 200 to 160 V (lower than the peak line voltage 128 × √ 2 = 181 V). The values of C T and C ψ are still the same as in Fig. 13, i. e., C T = 2 N · m and C ψ = 0.1 Wb. The standard deviations for steady-state torque and flux are 0.0439 N · m and 0.0017 Wb, respectively. It is seen that decreasing the dc-link voltage reduces the torque and flux ripples. However, the dynamic performance is also reduced. The experimental results prove that DTC2 can work without problems with different dc-link voltages. There is another control parameter in the proposed DTC, i.e., k in (15), which reflects the weighting factor of torque. In DTC, the torque is of more concern so the value of k is usually chosen as > 0.5 to give torque more weight. Fig. 24 shows the steady performance of stator flux and torque for DTC2 with a different value of k. It is seen that a smaller k value leads to reduced flux ripple but there is little difference in the torque ripple. The influence of k in (15) is relatively small when compared with the variations of C T and C ψ , because the vector amplitude is more important for the performance improvement. In practical use, the value of k can be kept constant.
Apart from DTC2, this paper also investigates the robustness of DTC1 against control-parameter variations. The main tuning parameters for DTC1 are the PI gains in the inner torque loop, as shown in Fig. 4 . It is seen that, in Fig. 16 , although the torque ripple in steady state is small, there is a relatively large flux ripple. Tuning the PI gains can slightly decrease the flux ripple but increases the torque ripple significantly. Fig. 25 shows the experimental waveforms of stator flux and torque when changing the proportional gain k p from 0.1 to 0.15. It is seen that the torque ripple is increased significantly if k p is increased, while there is only a slight decrease in the flux ripple. For the influence of integral gain k i , experimental results prove that its variation in the range of 1-10 has very small influence in the performance. It is concluded that DTC1 is sensitive to the control-parameter variations, particularly the proportional gain in the torque controller.
VI. CONCLUSIONS
In this paper, a novel DTC has been proposed to overcome the drawbacks of large torque ripple and variable switching frequency in classical switching-table-based DTC. Both the amplitude and angle of voltage vectors are regulated to control the torque and flux more accurately and moderately. Different from the existing method, the principle of obtaining the amplitude and angle of the commanding voltage vector is very simple and straightforward, requiring only the torque and flux errors and no additional motor parameters. The performance of the proposed method is comparatively investigated with classical DTC and with one of the SVM-based DTC methods in the literature. Simulation and experimental results prove that the novel DTC can achieve excellent steady-state performance and quick dynamic response while retaining the merits of simplicity and robustness as in classical DTC.
